Two experiments, each consisting of 2 trials, were conducted to investigate the effect of feeding benzoic acid (BA) and turmeric meal (TM) individually or in combination (Exp. 1) or garlic meal (GM) and TM individually or in combination (Exp. 2) on growth performance, digesta pH, gut morphology, and nutrient utilization in broiler chickens. Diets consisted of a nutrient-adequate control diet and the control diet with added BA (2 g/kg), TM (10 g/kg), BA (1 g/kg) plus TM (5 g/kg), and BA (2 g/kg) plus TM (10 g/kg) in Exp. 1. In Exp. 2, in addition to the same control diet as Exp. 1, the control diet with added GM (10 g/kg), TM (10 g/kg), GM plus TM at 5 g/kg each, and GM plus TM at 10 g/ kg each were used. Each treatment had 6 replicate floor pens with 10 chickens per replicate. On d 14, 5 broiler chickens from each floor pen were transferred to metabolism cages and continued on their respective diets. Body weight and feed intake data were collected on d 0 and 21, excreta were collected from chickens in metabolism cages on d 19 and 20, and ileal digesta were collected on d 21. Digesta pH was measured at the crop, proventriculus, jejunum, and cecum. Jejunum sections were collected from chickens in Exp. 1 to study gut morphology. In Exp. 1, only the combination of BA and TM tended (P < 0.10) to improve weight gain but there were no effects on G:F. The combination of BA and TM at both inclusion rates decreased (P < 0.05) digesta pH in the crop, jenunum, and ceca. There were no treatment effects on ileal DM or total tract DM retention, but supplementation of BA or TM alone or in combination increased (P < 0.01) apparent ME (AME) and nitrogen-corrected AME (AMEn) relative to the control diet. In Exp. 2, TM alone or combined with GM improved (P < 0.05) weight gain and G:F compared to the control. Supplementation of TM alone or in combination with GM at the rate of 10 g/ kg each reduced (P < 0.05) digesta pH in the crop, proventriculus, and ceca but had no effect at the jejunum. The combination of GM and TM improved (P < 0.01) ileal DE, AME, and AMEn. In conclusion, BA, TM, and GM individually or in combination with wheat-soybean meal based diets adequate in nutrients and energy selectively improved growth performance, modified digesta pH and intestinal growth, and increased the efficiency of dietary energy use.
INTRODUCTION
With the curtailment of the use of antibiotics as growth promoters (AGP), attention has turned into using alternatives that do not have the issues associated with antibiotics. Phytobiotics, or phytogenic feed additives, are plant-derived products added to the feed with the aim of improving performance of animals (Windisch et al., 2008) . Diet acidification lowers feed and digesta pH (Andrys et al., 2003) and the reduced pH inhibits the proliferation of acid-intolerant enteropathogenic bacteria (Islam, 2012) . Benzoic acid is superior to other acids as it has the beneficial effect of reducing coliforms in both the stomach and small intestine (Eklund, 1985) as well as reducing Salmonella typhimurium (Jensen, 2001) . The active compound in garlic (Allium sativum), allicin (of which allin is the precursor), has antimicrobial properties (Ankri and Mirelman, 1999; Kim et al., 2013b) and shifts gut microbial populations to less pathogenic profiles. Curcumin, the main active compound in turmeric (Curcuma longa), promotes growth in broiler chickens fed diets contaminated with aflatoxin (Gowda et al., 2008) or coccidialinfected chickens (Kim et al., 2013a) . Phytobiotics may inhibit growth of pathogenic microbes, thus providing a balance of gut microflora (Harris et al., 2001) .
Most of the studies on the use of AGP alternatives have centered on their antimicrobial or antioxidative properties. Very few have reported on their effects on nutrient or energy utilization and gut morphology. Organic acids and phytobiotics stimulate growth but likely via different modes of action. Organic acids and phytobiotics or combination of 2 phytobiotics may promote growth or modify gut microflora more than addition of a single additive. The use of combinations of phytobiotics and organic acids has not been widely investigated.
The current studies were, therefore, conducted to investigate the role of benzoic acid and turmeric meal used individually or in combination or turmeric meal and garlic meal used individually or in combination on growth performance, digesta pH, intestinal morphology, and nutrient utilization in broiler chickens receiving nutrient-adequate diets.
MATERIALS AND METHODS
All the animal experimentation procedures were approved by the Scotland's Rural College's Animal Experimentation Committee (Ayr, United Kingdom).
Broiler Chickens, Diets, and Sample Collection
Each of the 2 experiments reported consisted of growth and metabolism trials, and a total of 300 Ross 308 1-d-old male broiler chickens were used for each experiment. For each experiment, chickens were wingtagged on d 1 and weighed and allocated to 30 floor pens, which were equipped with feeders and bell drinkers. Five treatments were used in each experiment with each treatment consisting of 6 replicate floor pens and 10 chickens per replicate pen on d 1.
On d 14 of each of the experiments, 5 of the 10 broiler chickens in each of the floor pens were randomly selected and transferred to metabolism cages (for energy and nutrient utilization trial) where chickens continued to receive the corresponding diets that they had been receiving from d 1. The remaining 5 chickens in each floor pen continued in their respective pens until d 21. All broiler chickens and feed were weighed on d 0, 14, and 21 to calculate growth performance responses. Excreta were collected from chickens in metabolism cages on d 19 and 20, whereas ileal digesta were collected and pooled on cage basis on d 21 following euthanasia of chickens by an overdose of sodium pentobarbital. Experiment 1. The 5 treatments included a wheat-soybean meal (SBM) based control diet that met the nutrient specification for Ross 308 (RBNS, 2007) . Treatments 2 and 3 were the control diet plus benzoic acid (BA) or turmeric meal (TM) added at the rates of 2 or 10 g/kg, respectively. Treatment 4 was the control plus combination of BA and TM at the rates of 1 and 5 g/kg, respectively, whereas treatment 5 contained BA and TM at the rates of 2 and 10 g/kg, respectively. Titanium dioxide (0.3%) was added to all the diets as an indigestible marker. The ingredients and chemical composition of the diets is presented in Table 1 .
Experiment 2. The 5 wheat-SBM diets used in this experiment were the same as the ones used in Exp. 1. The treatments consisted of a control diet containing no additive. Treatments 2 and 3 were the control diet with garlic meal (GM) or TM, respectively, added at the rates of 10 g/kg. Treatment 4 had combination of GM and TM at the rate of 5 g/kg each, whereas treatment 5 had combination GM and TM at the rate of 10 g/kg each. Both the GM (0.8% allin) and TM (2.3% curcumin) were obtained from a local commercial source and were foodgrade products. The BA used was also food grade (white, crystalline) and was obtained commercially (W213101; Sigma-Aldrich, Dorset, UK).
Gut Profiles
Digesta pH and Gut Weight and Length. Gut digesta pH was studied in both experiments on d 21 using broiler chickens on floor pens. All chickens were euthanized by an overdose of intravenous sodium pentobarbital injection before the determination of digesta pH. Immediately after euthanasia, a longitudinal cut was made between the sternum and pelvic girdle to access the abdominal cavity. The pH of the digesta in the crop, proventriculus, jejunum, and ceca was subsequently measured by inserting a sterile glass pH electrode probe (HI 99163; HANNA Instruments, Cluj-Napoca, Romania) into these sections. Two independent pH readings were taken in situ in each location along the digestive tract. In addition, for Exp. 1 only, the weight of gizzard, pancreas, and liver were taken as well as the length and weight of the duodenum, jejunum, and ileum.
Jejunal Histomorphology. A jejunal section from 1 broiler chicken from each of the floor pens in Exp. 1 was taken for histomorphological examination. The selected chicken in each pen had BW closest to the average for the pen. Sections of approximately 3 cm were taken from mid jejunum, flushed with phosphate buffer saline (pH 7.2), and cut into 3 equal pieces and fixed in 10% formalin solution. These sections were later dehydrated in a series of ethyl alcohols of increasing concentrations (70, 90, and 100%), cleared with xylene, and embedded in polyfin embedded wax (Shandon Excelsior Tissue Processor; Thermo Fisher Scientific, Cheshire, UK). They were cut into 2 μm by a microtome (Finesse Rotary Microtome; Thermo Shandon Inc, Pittsburgh, PA), placed on glass slides, and stained with haematoxylin (Gill No. 2; Sigma-Aldrich, St. Louis, MO) and eosin (Sigma-Aldrich). The measurements for the villi and crypts dimensions were performed (DM4000 B Digital Microscope; Leica Microsystems Imaging Solutions Ltd., Milton Keynes, UK). Images of villi and crypts were captured using a digital camera (Leica DC480; Leica Microsystems Imaging Solutions Ltd.) with measurements made using the imaging software (LEICA QWin; Leica Microsystems Imaging Solutions Ltd.). Fifteen well-oriented villi and crypts from jejunum were measured along their length (height and depth, respectively) and width. Data on villus height, villus width, crypt depth, and crypt width were collected. All measurements were made to the nearest micrometer.
Chemical Analysis
Diets, ileal digesta, and excreta were analyzed for DM, N, and GE. Dry matter was determined by drying the samples in a drying oven (Uniterm, Russel-Lindsey Enginering Ltd., Birmingham, England, UK) at 105°C for 24 h (method 934.01; AOAC, 2006) . Total N content was determined by the combustion method (method 968.06; AOAC, 2006). Gross energy was determined in an adiabatic oxygen bomb calorimeter (model 6200; Parr Instruments, Moline, IL) using BA as an internal standard. Titanium concentration in samples of diets and ileal digesta was determined using the method of Short et al. (1996) .
Calculations and Statistical Analysis
Digestibility and nutrient retention values were calculated using the index method (Olukosi et al., 2007) . All the data were analyzed using the mixed model procedure of GENSTAT (VSN International, Hemel Hempstead, United Kingdom) as appropriate for a randomized complete block design with the pen as the experimental unit. Differences in means were assessed by preplanned contrasts.
RESULTS

Growth Performance
The data on growth performance of broiler chickens in Exp. 1 are shown in Table 2 . Individual supplementation of BA or TM had no effect on growth performance but the combination of BA and TM tended (P < 0.10) to improve weight gain, whereas there was no treatment effect on feed intake or G:F. Growth performance was not affected by supplementation of GM alone in Exp. 2 (Table 3) . However, TM alone or in combination with GM improved (P < 0.05) weight Lys, g/kg 13.7 13.6 13.7 13.7 13.7
Met, g/kg 6.4 6.3 6.5 6.4 6.3
Thr, g/kg 10.7 10.5 10.7 10.6 10.5 1 For Exp. 1, T2 = control + 2 g/kg benzoic acid (BA); T3 = control + 10 g/kg turmeric meal (TM); T4 = control + 1 g/kg BA + 5 g/kg TM; T5 = C + 2 g/kg BA + 10 g/kg TM. For Exp. 2, T2 = control + 10 g/kg garlic meal (GM); T3 = control + 10 g/kg TM; T4 = control + 5 g/kg GM + 5 g/kg TM; T5 = control + 10 g/kg GM + 10 g/kg TM.
2 Vitamin/mineral premix supply per kilogram of diet: vitamin A, 16,000 IU; vitamin D 3 , 3,000 IU; vitamin E, 25 IU; vitamin B 1 , 3 mg; vitamin B 2 , 10 mg; vitamin B 6 , 3 mg; vitamin B 12 , 15 µg; nicotinic acid, 60 mg; pantothenic acid, 14.7 mg; folic acid, 1.5 mg; biotin, 125 µg; choline chloride, 25 mg; Fe as iron sulfate, 20 mg; Cu as copper sulfate, 10 mg; Mn as manganous oxide, 100 mg; Co as cobalt oxide, 1.0 mg; Zn as zinc oxide, 82.222 mg; I as potassium iodide, 1 mg; Se as sodium selenite, 0.2 mg; and Mo as molybdenum oxide, 0.5 mg.
3 Benzoic acid (BA) was used in Exp. 1, whereas garlic meal was used in Exp. 2 4 Crytalline BA was added to corn gluten meal at the rate of 0.2 gram of BA per gram of corn gluten meal to produce BA premix that was added to the diet at the rates of 5 or 10 g to produce 1 or 2 g BA per kilogram of diet, respectively.
5 Turmeric and garlic meals were not premixed but added as purchased (turmeric and garlic powders) to the diets gain and G:F relative to the control diet. There were no treatment effects on feed intake.
Gut and Digesta Profile
The pH of the digesta in different sections of the digestive tract in response to the dietary treatments in Exp. 1 is shown in Table 4 . Supplementation of BA alone decreased (P < 0.05) digesta pH in all the sections of the gastrointestinal tract (GIT), whereas TM supplementation alone had no effect. Combination of BA and TM at both inclusion levels decreased (P < 0.05) digesta pH in the crop, jenunum, and ceca. At the proventriculus, the combination of BA and TM at the rates of 1 and 5 g/kg, respectively, had no effect on digesta pH but BA and TM supplementation at the rates of 2 and 10 g/kg, respectively, tended (P < 0.10) to decrease digesta pH.
In Exp. 2, supplementation of GM alone reduced (P < 0.05) digesta pH in the crop and ceca and tended to decrease (P < 0.10) digesta pH in the proventriculus but had no effect on jejunal pH (Table 5 ). Supplementation of TM alone or in combination with GM at the rate of 10 g/kg each reduced digesta pH in the crop, proventriculus, and ceca but had no effect in the jejunum. However, supplementation of GM and TM at the rate of 5 g/kg each had no effect on digesta pH in jejunum and ceca but reduced (P < 0.05) and tended to reduce (P < 0.10) digesta pH in the proventriculus and crop, respectively.
The data on jejunal histomorphology of broiler chickens receiving BA or TM individually or in combination in Exp. 1 are shown in Table 6 . Supplementation of BA or TM individually or in combination increased (P < 0.05) villus height and width as well as crypt depth and width compared with the control but there were no treatment effects on villus height:crypt depth.
The weight (grams) of the digestive tract was expressed relative to 100 g of the BW (data not shown). There were no treatment effects on any of the responses. The weight (grams) of gizzard, liver, pancreas, duodenum, jejunum, and ileum relative to 100 g of live BW were 2.18, 2.98, 0.44, 1.27, 2.37, and 1.67, respectively. In addition, there were no treatment effects on the length of the intestinal sec- 2 Treatment 1 = control treatment. T2 = control + 2 g/kg benzoic acid (BA); T3 = control + 10 g/kg turmeric meal (TM); T4 = control + 1 g/kg BA + 5 g/kg TM; T5 = C + 2 g/kg BA + 10 g/kg TM.
3 Numbers indicate treatments (T1 to T5). tions, being, on average, 27.9, 66.2, and 67.1 cm for duodenum, jejunum, and ileum, respectively (data not shown).
Nutrient Utilization
There were no treatment effects on ileal DM digestibility or total tract DM retention in Exp. 1 (Table 7) . Supplementation of TM alone improved (P < 0.05) ileal DE (IDE) and N digestibility but the other treatments had no effect on ileal nutrient or energy utilization. Supplementation of BA or TM alone or in combination increased (P < 0.01) apparent ME (AME) and nitrogencorrected AME (AMEn) relative to the control diet.
Supplementation of GM alone improved (P < 0.05) IDE, AME, AMEn, and total tract N retention but had no effect on DM utilization or ileal N digestibility in Exp. 2 (Table 8) . Supplementation of TM alone improved (P < 0.01) energy utilization at both ileal and total tract levels and tended to improve (P < 0.10) ileal DM digestibility as well as ileal and total tract N utilization compared with the control. Combinations of GM and TM improved (P < 0.01) IDE, AME, and AMEn but only the combination of GM and TM at the rate of 10 g/kg each improved (P < 0.01) total tract N retention. There were no effects of combination of TM and GM on ileal or total tract DM utilization.
DISCUSSION
The objectives of the experiments were to determine the impact of individual supplementation or combination of phytobiotics or organic acid on animal growth, intestinal development, and digesta pH as well as nutrient utilization responses in broiler chickens. The dosage used (10 g/kg) for TM and GM was based on other studies (Al-Sultan, 2003; Durrani et al., 2006) , whereas the dosage of 2 g/kg of BA was chosen on the basis of a previous study in our laboratory (unpublished data).
Growth Performance
Supplementation of organic acids does not always result in improved growth performance of broiler Table 4 . pH of digesta in the digestive tract of broiler chickens in response to addition of benzoic acid (BA) or turmeric meal (TM) individually or in combination to experimental diets in Exp. 2 Treatment 1 = control treatment. T2 = control + 2 g/kg benzoic acid (BA); T3 = control + 10 g/kg turmeric meal (TM); T4 = control + 1 g/kg BA + 5 g/kg TM; T5 = C + 2 g/kg BA + 10 g/kg TM.
3 Numbers indicate treatments (T1 to T5). (2007) and Biggs and Parsons (2008) observed no effect. In the current study, supplementation of BA or TM alone in Exp. 1 had no effect on growth performance relative to the control, whereas a combination of both additives tended to improve weight gain compared with the control diet. Because there seemed to be no difference in growth performance when BA and TM were combined at low and high concentrations, it would seem that the combination of the additives, not their concentrations when combined, was responsible for the improved weight gain.
On the other hand, TM alone or in combination with GM improved growth performance in Exp. 2. Similarly, other authors reported improved broiler chicken growth performance in response to supplementation of GM (Javed et al., 2009; Aji et al., 2011) or TM (Durrani et al., 2006; Al-Kassie et al., 2011; Rajput et al., 2013) . Conversely, other authors observed no (Horton et al., 1991; Choi et al., 2010) or inconsistent (El-Hakim et al., 2009 ) effects on growth performance response when these additives were fed to broiler chickens. The inconsistencies may be due to differences in diets, chickens, and the quality and quantity of the active components in the meal. The diets used in the 2 experiments reported in the current study were the same, and therefore, the 2 Treatment 1 = control treatment. T2 = control + 2 g/kg benzoic acid (BA); T3 = control + 10 g/kg turmeric meal (TM); T4 = control + 1 g/kg BA + 5 g/kg TM; T5 = C + 2 g/kg BA + 10 g/kg TM.
3 Numbers indicate treatments (T1 to T5).
4 IDE = ileal DE; AME = apparent ME; AMEn = N-corrected AME. 2 Treatment 1 = control treatment. T2 = control + 2 g/kg benzoic acid (BA); T3 = control + 10 g/kg turmeric meal (TM); T4 = control + 1 g/kg BA + 5 g/kg TM; T5 = C + 2 g/kg BA + 10 g/kg TM.
differences in response to TM supplementation may be because of greater variability in BW in Exp. 1. Further statistical analyses of Exp. 2 data show that the weight gains in treatments with TM at 10 g/kg alone or combination of GM and TM at 5 g/kg each were not statistically different but lower than weight gain in the treatment with combination of GM and TM at 10 g/kg, whereas supplementation of GM alone had no effect. This observation indicate that 10 g/kg of TM alone was as effective as combination of 5 g/kg of each of the additives at promoting weight gain. However, combination of 10 g/kg of TM and GM produced greater weight gain than TM alone or 5 g/kg of both TM and GM. The data also indicates that most of the improvements in weight gain and G:F observed in the diet with GM and TM added at 10 g/kg each was from TM supplementation.
Gut Morphology and Digesta pH
Longer and wider villi as well as deeper and wider crypts in response to supplementation of BA and TM individually or in combination are indications that the additives improved the morphology of the absorptive cells (Murakami et al., 2007; Rehman et al., 2007) . Longer villi support greater nutrient absorption because of increased surface area, whereas deeper crypt can indicate greater cell turnover in response to normal cellular sloughing or inflammatory response. The observation that the longer villi are associated with deeper crypt in the current study is an indication of a healthy gut development in response to the use of the additives. Organic acids have also been shown to improve gut morphology by promoting changes in digestive function and modifying the population of gut microbes (Piva et al., 2002) .
In addition, the activity of the active ingredients in GM and TM has been observed (Subramanian et al., 1994; Wilson and Demmig-Adams, 2007) . The antioxidant properties may help support growth and development of the digestive tract. The antioxidant properties of these additives may also act within the digestive tract and improve overall gut function (Halliwell et al., 2000) . In the current study, BA and TM individually or in combination contributed to improved intestinal milieu (lower pH and longer villi) for nutrient absorption, and these are indications of possible gut health effects of the additives. There was no difference in the effects of BA and TM at low and high dosages and hence it appeared that the combination of the low dosages of BA and TM in combination was sufficient for response in gut morphology.
Reduced digesta pH was observed in both experiments in response to the supplementation of the additives. In Exp. 1, TM alone had no effect on digesta pH but BA alone or in combination with TM reduced digesta pH. In Exp. 2, however, both GM and TM individually and in combination selectively reduced digesta pH especially in the proximal GIT as well as in the ceca. The decrease in digesta pH in diets without organic acid supplementation in both experiments indicate that although BA supplementation may itself reduce digesta pH because of its acidic property, reduced pH may also result from supplementation of additives that do not have acidic properties. Straw et al. (1991) reported in pigs that acidification of diets did not result in reduced digesta pH but produced improvement in growth performance, therefore indicating 2 Treatment 1 = control treatment. T2 = control + 10 g/kg garlic meal (GM); T3 = control + 10 g/kg TM; T4 = control + 5 g/kg GM + 5 g/kg TM; T5 = control + 10 g/kg GM + 10 g/kg TM.
4 IDE = ileal DE; AME = apparent ME; AMEn = N-corrected AME.
that reduced gut pH may not necessarily be a response to diet acidification. The reduced digesta pH observed in the studies may be due to the prebiotic property of curcumin in TM (Kurhekar, 2013) or inulin and its hydrolysates in GM (Grajek et al., 2005) . The prebiotic property of components in these additives may help in supporting proliferation of beneficial microbes and greater production of VFA, which may help lower digesta pH.
Nutrient Utilization
In the current study, BA alone or in combination with TM had no effect on ileal or total tract DM retention, whereas the additives improved energy utilization and N retention. El-Hakim et al. (2009) reported no effect on nutrient utilization in broiler chickens receiving diets supplemented with herbal products and organic acids but Rajput et al. (2013) reported improved AME in broiler chickens receiving TM extract. Several studies have indicated that phytobiotics may improve nutrient utilization in broiler chickens and this has been attributed, at least partly, to increased production of digestive enzymes (Cross et al., 2004; Jang et al., 2007) . Improvement in energy utilization in response to the additives was observed in both experiments in the current study, indicating that the additives were effective in improving the dietary energy utilization, even though there were no effects on N or DM utilization.
In addition, the enhanced growth of the intestinal villi in broiler chickens receiving the diets containing the additives is favorable for greater N and energy utilization. The lower pH of the cecal content in diets containing the additives may be an indication of increased production of VFA (Yang et al., 2009 ) because the additives (GM and TM) may have served as prebiotics, supporting the proliferation of beneficial microbes. Increased VFA production in the gut will increase whole body energy metabolism (Snel et al., 2002) and may have contributed to increased energy availability in the diets supplemented with the additives used in the current study.
Improved nutrient utilization with the supplementation of the additives is conducive for improved growth performance. Because most of the substrates available for hind gut fermentation are mainly dietary carbohydrates and protein that escape foregut digestion (Cummings, 1985; Cummings and Macfarlane, 1991) , increased foregut digestion will increase nutrient availability for the host and decrease proliferation of harmful microbes in the gut. Similar effect has been used to explain the improvement in the nutrient utilization observed with enzymes supplementation (Choct et al., 1996; Bedford, 2000; Hubner et al., 2002) and has also been observed in conventional rats receiving a more digestible synthetic diet compared with those receiving a less digestible practical diet (Ward and Coates, 1987) .
The current study showed that the supplementation of nutrient-and energy-adequate wheat-SBM diets with BA and TM in combination or TM alone or combined with GM can improve broiler chicken growth and intestinal villi growth, reduce digesta pH, and improve dietary energy use.
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